Background: Voltage-dependent anion channel (VDAC), a channel protein, exists in the outer mitochondrial membrane of somatic cells and is involved in multiple physiological and pathophysiological processes. Up until now, little has been known about VDAC in male germ cells. In the present study, the relationship between VDAC and human sperm motility was explored. Methods: Highly motile human spermatozoa were incubated in vitro with anti-VDAC antibody. Total sperm motility, straight line velocity (VSL), curvilinear velocity (VCL), and average path velocity (VAP) were recorded. Intracellular free calcium concentration ([Ca 2+ ] i ), pH value (pHi), and ATP content were determined. Results: Co-incubation with anti-VDAC antibody reduced VSL, VCL, and VAP of spermatozoa. Co-incubation further reduced [Ca 2+ ] i . Anti-VDAC antibody did not significantly alter total sperm motility, pHi and intracellular ATP content. Conclusion: The data suggest that co-incubation with anti-VDAC antibody reduces sperm motility through inhibition of Ca 2+ transmembrane flow. In this way, VDAC participates in the modulation of human sperm motility through mediating Ca 2+ transmembrane transport and exchange.
Introduction
The voltage-dependent anion channel (VDAC), a channel protein, exists extensively in the mitochondrial outer membranes of different species [1] . VDAC is involved in multiple physiological and pathophysiological processes, including energy metabolism and cell apoptosis [2, 3] . VDAC performs biological functions by regulating the permeability of mitochondrial membrane to ions and small molecules, such as Na
, Cl -, ATP, glutamate, succinate, and malate [2, 4, 5] . In addition, VDAC is also reported to exist in cellular plasma membrane besides the mitochondria, which implies that VDAC has other unexpected functions [6] [7] [8] . Although VDAC has been studied extensively in somatic cells, little is known about VDAC in male germ cells. Few recent studies have shown that VDAC exists in mammalian spermatozoa and participates in spermatogenesis, maturation, and fertilization [9] [10] [11] [12] [13] [14] . However, the exact distribution and function of VDAC in mammalian spermatozoa, especially in human spermatozoa, remain unclear.
Normal sperm motility is the key premise of successful fertilization process. During sperm capacitation and sperm-egg binding in the female reproductive tract, spermatozoa are hyperactivated. This is also known as the activation of sperm motility. This hyperactivation is characterized by high-amplitude asymmetrical beating of the flagella, which helps the sperm penetrate the cervical mucus and the extracellular membrane of the oocyte and to complete sperm-egg binding. Computer-assisted semen analysis (CASA) has been used to assess sperm motility. The motility, straight line velocity (VSL), curvilinear velocity (VCL), and average path velocity (VAP) are some of the most important parameters of sperm motility used in CASA. The latter three indexes are also the hyperactivation parameters. Sperm motility can be triggered by environmental cues, including ions and micromolecules (pH, Ca
2+
, Na + , K + , cyclic nucleotides) [15] . Different transmembrane ion channels in the plasma membrane have been shown to participate in the regulation of sperm motility by changing the distribution of these cues, the difference in membrane potential, and the osmolarity inside and outside of the cell [15] . The concentration of intracellular free calcium ([Ca 2+ ]i) and pH (pHi) are essential to maintaining normal sperm motility [16, 17] . ATP provides the energy for sperm movement. Sperm motility has a positive correlation with intracellular ATP content [18] . Appropriate [Ca 2+ ] i , pHi, and intracellular ATP content depend on normal transmembrane transport and exchange of Ca
, H + /HCO 3 -, and ATP mediated by relative transmembrane ion channels. Mammalian spermatozoa are highly compartmentalized. The proteins for acrosome reaction are usually present in the head or acrosomal region of the sperm. The proteins for sperm-egg fusion generally exist in the equatorial region. The proteins for sperm motility are located specifically in the sperm flagellum. Several studies have reported that VDAC exists in the tails of mice sperm and is related to sperm motility [14, 19] . Mice lacking VDAC3 are infertile with markedly reduced sperm motility and altered structure within sperm axoneme [19] . VDAC is a typical transmembrane ion channel. VDAC in somatic cells participates in transmembrane transport of Ca 2+ and ATP [2, [20] [21] [22] . Co-incubation of bull spermatozoa with anti-VDAC antibody impairs normal cell morphology and function when the concentration of intracellular ions changes [11] . A previous series of studies performed by the present team focused on the existence and function of VDAC in human spermatozoa. VDAC was shown to exist in the tails of human sperm and to be involved with the sperm acrosome reaction through mediation of Ca 2+ transmembrane transport [23, 24] . These data suggest that VDAC regulates sperm motility through mediation of transmembrane transport and exchange of relative ions and molecules. The aim of present study is to explore the relationship between VDAC and human sperm motility.
Materials and Methods
Approval for this study was granted by the ethics committee of Nanjing Medical University (China) prior to sample collection. Informed written consent was received from all participants of this study. All of Immunofluorescence Sperm suspensions from 5 donors were prepared as above, air-dried onto poly-lysine-coated slides, and fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 1 h at 4°C. After washing with PBS, slides were blocked in goat serum (Zhongshan Goldenbridge Biotechnology, Beijing, China) for 2 h and incubated with rabbit anti-human VDAC antibody or normal rabbit IgG as the control (1:50; Santa Cruz Biotechnology, Santa Cruz, CA, U.S.) overnight at 4°C. After incubated with goat anti-rabbit IgG conjugated to FITC (1:200; Santa Cruz Biotechnology, Santa Cruz, CA, U.S.) in dark room for 1 h at room temperature, slides were washed, coverslipped, and viewed with an Axioskop 2 plus fluorescent microscope (Carl Zeiss, Thornwood, NY, U.S.).
Evaluation of sperm motility
The effect of anti-VDAC antibody on sperm motility was monitored using a computer-assisted semen analyzer (IVOS; Hamilton-Thorne, Beverly, MA, U.S.). Sperm suspensions (20 × 10 6 cells/ml) from 5 donors were loaded with rabbit anti-human VDAC antibody or normal rabbit IgG antibody as the control at the final concentrations equivalent to 1, 5, and 20 μg/ml. After 1, 2, and 3 h incubation in a 5% CO 2 incubator at 37°C, aliquots of 10 μl sperm suspensions from two groups were loaded on a 10-μm-deep MicroCell counting chamber (Conception Technologies, San Diego, CA, U.S.) and analyzed in replicates at 37°C. Four parameters (total sperm motility, VSL, VCL, and VAP) were recorded. A minimum of 200 spermatozoa were counted for each assay.
Measurement of [Ca
]i in spermatozoa was detected using fluo-3 AM and a FACSCalibur TM flow cytometer (BD Biosciences, San Jose, CA, U.S.). After 3 h of incubation with 20 μg/ml normal IgG or anti-VDAC antibody, as described above, sperm suspensions from 8 donors were loaded with fluo-3 AM (5 µM final concentration; Invitrogen, Carlsbad, CA, U.S.) at 37°C for 30 min and washed twice with BWW at 500 g for 5 min to remove free fluo-3 AM. The fluorescence of Fluo-3 was excited at 488 nm and measured using a 530 nm filter. Photomultiplier tube voltages and gains were set to optimize the dynamic range of the signal. The fluorescence intensity was quantified for 10,000 individual spermatozoa.
Measurement of pHi
After incubation for 3 h with 20 μg/ml normal IgG or anti-VDAC antibody in BWW medium with or without HCO 3 
Liu et al.: VDAC and Human Sperm Motility
Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry
Measurement of intracellular ATP content
Intracellular ATP content was detected using an ATP Assay Kit (Beyotime Institute of Biotechnology, Shanghai, China). Spermatozoa from 8 donors were incubated for 3 h with 20 μg/ml normal IgG or anti-VDAC antibody and lysed according to the manufacturer's instructions. After centrifugation at 12,000 g for 10 min at 4°C, the supernatant was removed and mixed with dilution buffer containing luciferase. The relative light unit was measured by an Orion Microplate Luminometer (Berthold Technologies, Bad Wildbad, Germany) according to the manufacturer's instructions. A fresh standard curve was prepared each time and ATP content was estimated using the curve.
Statistical analysis
Data are expressed as mean±SEM. Differences between groups were assessed by a paired t test. Statistically significant difference was determined at P <0.05.
Results
Immunofluorescence was initially performed to assess the affinity and binding site of anti-VDAC antibody to human spermatozoa. As shown in Fig. 1B , intense staining existed on the midpiece surface of sperm flagellum. No obvious staining was observed in control spermatozoa (Fig. 1D) .
The effect of anti-VDAC antibody to sperm motility was recorded in Fig. 2 . Three movement parameters (VSL, VCL, and VAP) showed no difference between spermatozoa incubated with 20 μg/ml anti-VDAC antibody and spermatozoa treated with 20 μg/ml normal rabbit IgG after 1 h incubation. Although the VSL of spermatozoa incubated with anti-VDAC antibody decreased significantly after 2 h of incubation, there was no obvious difference in VCL or VAP. After 3 h of incubation, VSL, VCL, and VAP of spermatozoa incubated with anti-VDAC antibody were significantly lower than those treated with normal rabbit IgG. However, no obvious change in total sperm motility was detected (Table 1) . No significant differences in VSL, VCL, VAP, or total sperm motility were observed when samples were incubated with 1 or 5 μg/ml antibody (data not shown).
To further evaluate the mechanism of antibody-impaired sperm motility, [Ca 2+ ] i , pHi, and intracellular ATP content were measured on spermatozoa incubated with 20 μg/ml anti- ] i of spermatozoa incubated with anti-VDAC antibody was significantly lower than that of spermatozoa treated with normal rabbit IgG. There was no statistical difference in pHi and intracellular ATP content between two groups (Fig. 4 and Fig. 5 ), although VSL, VCL, and VAP of spermatozoa incubated with anti-VDAC antibody decreased significantly.
Discussion
In the present study, the relationship between VDAC and human sperm motility was studied through in vitro co-incubation of spermatozoa with anti-VDAC antibody. The VDAC antibody is a polyclonal antibody. According to the antibody datasheet, it can react with three VDAC isoforms in mammals. Considering the high homology and the unclear presence and location of VDAC isoforms in human sperm, this antibody may be more effective and suitable for the purposes of the present study than other antibodies. Immunofluorescence initially demonstrated the affinity of antibody to spermatozoa. The binding site was the midpiece surface of sperm flagellum. VDAC existed in plasma membranes of some somatic cells other than the mitochondria [6] [7] [8] . Similar results were observed in a previous study, in which specific antibody was detected VDAC in plasma membrane of human spermatozoa [24] . Immunofluorescence data from the present work suggested that VDAC existed on the membrane surface of flagellar midpiece. However, this was not entirely consistent with the results of the previous study, in which the staining was observed throughout the sperm tail [23] . The different antibody and experimental methods (permeabilization to sperm membrane using Triton X-100 in the previous study) may have led to other differences.
Further study showed that co-incubation significantly reduced VSL, VCL, and VAP. It suggested that VDAC on the midpiece surface participated in the modulation of sperm motility. It is here noted that total sperm motility did not show obvious changes, unlike the case of mice lacking VDAC3, which had reduced total sperm motility [19] . Different experimental methods and species might have different results. The selected spermatozoa were subjected to a discontinuous Percoll gradient and found to be highly motile. Although antibody co-incubation interfered with movement ability, not all spermatozoa lost all motility. In this way, only the more sensitive indexes (VSL, VCL, and VAP) were able to reflect this influence accurately. For example, grade a spermatozoa can change to grade b or grade c spermatozoa after co-incubation. However, the total motility (grade a+b+c spermatozoa) can remain unchanged. Motility refers to the capacity for forward movement. VSL, VCL and VAP can refer to the amplitude and asymmetry of the flagellar beating, which are the parameters of hyperactivation. Two kinds of indexes reflect different characteristics of the movement of spermatozoa. It has been demonstrated that reduced VSL, VCL, and VAP are associated with impaired ability of sperm to perform fertilization [27, 28] . In this way, the present data also suggest the close relationship between VDAC and fertilization.
Appropriate [Ca 2+ ] i , pHi, and intracellular ATP content are essential to maintaining sperm motility [29] . It depends on the normal transmembrane transport and exchange of Ca Cellular Physiology and Biochemistry HCO 3 -, and ATP mediated by relative transmembrane ion channels. Antibody incubation can disturb the normal function of these channels [16, 17] . VDAC is a typical transmembrane ion channel. Further research on the mechanism of antibody-impaired sperm motility through detecting [Ca 2+ ] i , pHi, and intracellular ATP is merited. [Ca 2+ ] i has a positive correlation with sperm motility [30, 31] [16, 35, 36] . HCO 3 -plays a key role in the regulation of pHi. During migration, spermatozoa pass through an increasing gradient of HCO 3 -from the epididymis to the uterus and oviduct [37] . Increased HCO 3 -levels promote HCO 3 -influx, increases in pHi and sperm movement, and vice versa [17] . In the present study, co-incubation did not affect pHi of human spermatozoa regardless of the presence or absence of HCO 3 -. The data indicated that VDAC might not participate in H + /HCO 3 -transmembrane transport. ATP provides the energy for sperm motility. Abnormal ATP production and utilization can impair sperm motility. Mitochondria on the midpiece of the sperm flagellum can produce ATP through aerobic oxidation. In the present study, the concentration of intracellular ATP was loser in human spermatozoa incubated with anti-VDAC antibody, which was consistent with impaired motility. However, the difference was not statistically significant. It is here speculated that the binding of anti-VDAC antibody to the surface of the midpiece did not interfere with ATP production by the mitochondria in the midpiece under the cellular membrane. The mitochondria were not the only source of ATP. Glycolysis was carried out along the fibrous sheaths of the principal piece to supply ATP for sperm motility [38] . Even if antibody incubation disrupts ATP production or utilization, intracellular ATP content may not be severely influenced.
In conclusion, the present work explores the relationship between VDAC and human sperm motility. VDAC antibody can bind to the surface of the midpiece of human sperm flagella and reduce sperm motility by inhibiting Ca 2+ transmembrane flow. The present study shows that VDAC participates in the modulation of human sperm motility by mediating Ca 2+ transmembrane transport and exchange. Further research about the role and mechanism of VDAC in human spermatozoa will be beneficial to determining the pathogenesis of certain types of idiopathic male infertility with asthenozoospermia and developing new diagnostic and therapeutic methods.
